Although a great deal of information concerning the physiology of trees has been accumulated, physiology has made a smaller contribution to forestry than it should. This is partly because of a lack of communication between field and laboratory workers and partly because of a lack of a genera1 understanding of the role of physiology in forestry. The physiological processes of trees are the machinery through which the genetic potential and the environment operate to determine the quantity and quality of growth. Actual wood production usually is far below the genetic and physiological potential because important physiological processes are often inhibited by environmental stresses such as drought, mineral deficiencies, unfavorable temperatures, and air pollution.
Introduction and historical review
The general theme of this paper is the role of plant physiology in forestry. However, I propose first to review briefly the history of forest botany and physiology because some knowledge of the past aids in understanding the present and predicting the future. The systematic study of plants is often said to have begun with the Greek philosopher-scientist, Theophrastus, a student of Aristotle and Plato, who lived about 300 BC. He classified plants as trees, shrubs and herbs, and noted the importance of weather in relation to plant growth and crop yield. Other Greeks and Romans wrote about plants, but forest botany received little attention for 2000 years. For many centuries after Greek and Roman days the recorded work on plants dealt chiefly with their real and imaginary medicinal properties, resulting in the 15th century herbals that appeared after the invention of printing. The influx of strange plants from the New World stimulated the study of taxonomy that culminated in the classification system of Linnaeus, published in 1753. During this long period the slow development of plant physiology is indicated by the fact that Aristotle's idea that plants absorbed their food from the soil ready for use persisted for 2000 years and was not seriously questioned until Liebig's work about 1840.
2 KRAMER Development of the microscope in the 17th century made possible the anatomical work of Grew published in 1671 and 1682 and that of Malpighi in 1675 on trees and other plants. Discovery of the circulation of blood in animals by Harvey in 1628 stimulated speculation concerning the possible circulation of sap in trees and several papers were published on this topic in the Proceedings of the Royal Society of London (1668-1671), but no conclusions were reached.
The first important quantitative work on the physiology of trees was done by Stephen Hales and published in his Vegetable Staticks in 1727. He measured root and stem pressures and transpiration, showed that water moves upward in the wood rather than in the bark, and decided that there is no circulation of sap in trees comparable to the circulation of blood in animals. Hales' work was largely neglected and nothing comparable on tree physiology appeared until more than a century later.
Two interesting but nonphysiological books on trees appeared during this period. Evelyn's "Sylva" published in 1670 was an attempt to interest English landowners in planting more trees and it mentioned sap flow of birch and the site requirements of several species. "La Physique des Arbres," published by Duhamel Du Monceau in 1758, attempted to put forestry on a more scientific basis and Enderlin in 1767 discussed the growth of trees and the characteristics of forest soils. G. Heyer in 1852 discussed the importance of light and shade in the growth of trees, a topic that became very important in the 20th century.
Modern plant physiology
Modem plant physiology, like silviculture, is often said to have begun in Germany about the middle of the 19th century with the work of Sachs and his successors such as Strasburger, Jost, Renner, and others. Investigations by the Hartigs, Busgen, Munch, and others in the 19th and early 20th century resulted in important contributions to tree physiology. Out of this work came Th. Hartig's, "Anatomie und Physiologie der Holzpflanzen" (1878) and the classic "Bau und Leben unserer Waldblume" published by Biisgen in 1897, revised by Munch in 1927, and better known to most of us in its English translation of 1931. Huber made important contributions in the 20th century, as did other investigators in Europe, but lack of space prevents discussion of their contributions.
In the United States, among the early investigators were Samuel Williams (1794) who estimated the water loss from a maple forest, W. S. Clark who published on sap flow in trees in 1874, and Jones, Edson, and Morse who published on maple sap flow in 1903. No doubt, many other interesting observations are hidden in old books and journals. In the 20th century ecologists and silviculturists such as Bates, Bums, Pearson, Tourney, and Korstian began to study the effects of water, light, and temperature stress on competition and natural distribution of trees. Horticulturists such as Auchter, Chandler, Mumeek, and Heinicke, working on fruit trees, also began to make important contributions to tree physiology, although foresters seem to have neglected their contributions. Heinicke's measurements of gas exchange of apple trees are still noteworthy (Heinicke and Childers 1937) .
Clarence Korstian, first Dean of the Duke University School of Forestry, directly and indirectly had considerable effect on the development of forest tree physiology. He not only pointed out various interesting problems that needed investigation, but also funded research on some of them. As a result of Korstian's efforts many students became aware of important problems in the field of tree physiology and they and their students are contributing to that field today.
Lessons from the past
In making this brief review of the literature of forest botany and tree physiology several general ideas developed. The most important are (1) the slow but accelerating rate of progress, (2) the failure to make use of available information, and (3) the numerous factors that contribute to progress.
Slow but accelerating progress
For many centuries progress was very slow. In fact it was nearly 2000 years from the speculations of Aristotle and Theophrastus to the anatomical observations of Grew and Malpighi and a century and a half from the work of Hales (1727) to that of Th. Hartig (1878). However, since World War II progress in understanding the complexities of physiological processes has proceeded more rapidly on a broad front, chiefly because of more workers, better instrumentation, and better communication among workers.
The slow adoption of new concepts
Slow progress resulted in part from the slow acceptance and limited use of new concepts. The cohesion theory of the ascent of sap in trees was proposed about 1895 and was supported by both experimental and theoretical evidence during the early part of the 20th century, yet it was being questioned as late as the middle of the 20th century. The concept of what is now termed water potential was proposed under the name of "Saugkraft" by Renner (1912) and others in the second decade of the 20th century, but the concept only came into general use under the term 'diffusion pressure deficit" after the appearance of the Meyer and Anderson text in 1939. Use of the more appropriate "potential" terminology was discussed by Tang and Wang in an overlooked paper published in 1941, but it only became widespread after Slatyer and Taylor published their paper in 1960. Pressure flow porometers were described by Darwin and Pertz in 1911 and modifications were used by Gregory and Pearse, Wilson, and Alvim (see Kramer 1983, pp 328-330) , but relatively little use was made of them until 60 years later when Fiscus (1984) combined them with computerized electronic equipment to monitor the water status of corn for the purpose of controlling irrigation. These examples lead the writer to conclude that progress in science is hindered as much by failure to use existing information as by lack of information.
Factors controlling progress in science
It is obvious that many factors control the rate of progress in science although historians and philosophers of science differ concerning their relative importance. I will suggest curiosity, social pressure, economic pressures, national prestige, and improvements in instrumentation as important factors. Natural human curiosity probably was the first pressure that led to the collection and naming of plants. This doubtless was strengthened by social pressures resulting from the use of plants for food and medicinal purposes, and economic pressures resulting from commerce in useful plants. Economic pressures are increasingly powerful in agriculture and forestry and we hope that in the future they will bring about the financing of much additional physiological research. In recent decades although national prestige has been a strong factor in terms of defense, technology, and Nobel Prizes it has had little effect on research on plants.
The most easily evaluated factor affecting scientific progress is instrumentation. The dependence of an understanding of the process of photosynthesis on development of instrumentation is a good example. Although Priestley observed in 1771 that green plants change the composition of the air in containers enclosing them, it was several decades later that improvements in analytical methods permitted quantitative studies of gas exchange. It was another 60 years before Sachs established the role of chloroplasts in gas exchange and still another 75 years before the availability of radioactive carbon isotopes made study of the reductive carbon cycle possible. Few physiological-ecological studies were made of photosynthesis until after World War II because there was no convenient way to measure gas exchange in the field. During the 1950s infrared gas analyzers became available and their improvement has resulted in a flood of measurements of gas exchange under almost every possible condition. The introduction of porometers to monitor stomata1 conductance, and psychrometers and pressure chambers that permit evaluation of plant water status, combined with the use of miniaturized infrared gas analyzers, is resulting in a great increase in research on the carbon and water relations of plants. Unfortunately, it has probably resulted in too much dependence on instantaneous measurements of photosynthesis. Other examples of useful instrumentation are gas chromatography, fluorescence measurements, oxygen and ion-specific electrodes, desktop computers, and nuclear magnetic resonance spectroscopy and imaging. In fact the pace of development of new instrumentation is so rapid that it is becoming impossible for individual scientists to keep informed about new techniques.
The situation today
Today much information about the physiology of trees and other plants exists, but it is too poorly organized to solve problems of plant production. One reason for this is that physiologists are largely ignorant of the problems in forestry and foresters do not know how physiology can help solve these problems. The first ROLE OF PHYSIOLOGY IN FORESTRY 5 need seems to be a general philosophy about the role of physiology in relation to the practice of forestry, and I shall try to develop this in the next section.
The role of physiology in increasing forest productivity
The general objective of forestry is to grow trees efficiently, but to do this foresters must understand how trees grow, and this requires some understanding of tree physiology. Thus physiology should occupy a central position in forestry because, as shown in Figure 1 , the physiological processes are the machinery through which heredity and environment operate. The hereditary potential or genotype determines the nature and limitations of the physiological machinery, but its actual productivity is determined by the environment in which it operates. The only way geneticists can increase growth is by providing genotypes with a more efficient combination of physiological processes for a particular environment, and the only way that silvicultural treatments such as thinning or fertilization can improve yield is by improving the efficiency of essential physiological processes.
It is said that well managed plantations of Douglas-fir and loblolly pine produce less than 50% of their theoretical potential yield (Famum et al. 1983 ) and the yield of agronomic crop plants is also far below the record farm yields (Boyer 1982) . As indicated in Figure 1 , there are three areas in which limitations to forest productivity can occur, (1) the genetic potential, (2) the physiological processes of the trees, and (3) the environment in which they grow. We will discuss each of these In nature, selection operates in terms of species survival rather than in terms of quantity and quality of wood, and a tree that is successful in nature is not necessarily what the forest industry desires. It may be crooked, divert too much dry matter into branches and roots, produce wood of low specific gravity, be slow growing, or suffer from other defects by commercial forestry standards, but if it reproduces it is successful in nature. Fortunately, there is enough genetic variability among trees to provide many opportunities for improvement by phenotypic selection for characters such as rapid growth rate, wood quality, and resistance to certain diseases, and many opportunities for further improvement exist. For example, tolerance of cold soil is desirable for early planting of seedlings and Carlson (1986) observed wide differences among seedlings of various families of loblolly pine in ability of the roots to grow at low temperatures. A program is being started to screen loblolly pine for genotypes tolerant of ozone and other air pollutants and there are opportunities to find other desirable characteristics by screening programs.
In the future, production of plantlets by tissue culture and the screening of tissue cultures for cell lines tolerant of stresses such as dehydration, salinity, heavy metals, disease, and for the presence of viruses may become useful. However, it should be remembered that stress tolerance sometimes depends on whole plant characteristics that cannot be identified in cell cultures. Techniques used in genetic engineering such as recombinant DNA and protoplast fusion may provide combinations of desirable characteristics not now existing in nature, but many problems must be solved before these procedures can be used on a large scale. Some of the possibilities are discussed by Famum et al. (1983) and Kamosky (1981) , and in books by Bonga and Durzan (1982) and Dodds (1983) .
Physiological limitation of yield
The interaction of physiological processes such as photosynthesis, respiration, translocation, water dynamics, and the metabolism of carbohydrate, fat, and nitrogen really determine the rate of growth. The processes that have received the most attention are photosynthesis, dark respiration, and the allocation of photosynthate to various processes and organs.
Photosynthesis
Because photosynthesis provides most of the material used in growth it is often assumed that an increase in the rate of photosynthesis should result in an increase in growth (Zelitch 1975) . This has led to a demand for the development of plants with increased efficiency in photosynthesis, such as that resulting from the Cd carbon pathway, and reduced photorespiration. However, attempts to correlate growth and yield of trees (Ledig 1976; Helms 1976) and agronomic crop plants (Boyer 1982, Gifford and Evans 1981) with rate of photosynthesis have been disappointing. This is not surprising when it is realized that total dry matter production depends not only on the rate of photosynthesis per unit of leaf area but on total leaf area, leaf duration, and canopy exposure, and the amount of wood produced depends on how much photosynthate is used in respiration and how the remainder is partitioned among the various organs of the tree.
It was established 35 years ago that agronomic crop yields are seldom limited by lack of photosynthetic potential and that such cultural practices as fertilization and irrigation increase crop yield chiefly by increasing leaf area (Watson 1952) . There is some debate about how fertilization affects the photosynthesis of a forest stand. Tamm (1977) stated that the principal effect of fertilization on Scandinavian boreal forests is through increase in leaf surface. Brix (1983) found that increase in amount of foliage accounted for over half the increase in stem wood of Douglas-fir fertilized when 27 years old, the remainder resulting from increase in rate of photosynthesis, and Miller and Miller (1976) found that the increase in leaf area was more important than the increase in rate of photosynthesis in Corsican pine. This problem is discussed in other papers in this volume.
In conclusion, it seems unlikely that important increases in the rate of photosynthesis will be achieved in the near future, and if they are achieved it is doubtful if they will significantly increase tree growth. It probably will be more productive to consider the benefits from increase in leaf area, at least before stand closure, a longer duration of photosynthesis in the autumn, and a photosynthetic machinery more tolerant of water and other stresses. Consideration also might be given to selection for the conversion of more photosynthate into cellulose and less into compounds requiring more energy, such as lipids, lignin, and phenolics (Chung and Barnes 1977) . Perhaps trees grown for pulpwood where cellulose is the desired product should have a different biochemistry from that of trees grown for timber where strength is desired.
Dark respiration
In simple terms the carbohydrate produced in photosynthesis minus that used in respiration represents the amount available for use in growth. According to Mijller et al. (1954) 40 to 50% of the product of photosynthesis in lo-to 85-year-old stands of beech is used in respiration. The rate of respiration approximately doubles with each increase in temperature of 10°C so warm nights decrease the amount of carbohydrate available for growth. The temperature dependence of net photosynthesis of various species is discussed at length by Larcher (1980, pp 111-117) . Kramer (1957) found that decreasing the night temperature from 23 to 17°C resulted in a large increase in height growth of loblolly pine seedlings, and Decker (1944) found that, although the rate of dark respiration of loblolly and red pine seedlings increased rapidly in response to an increase in temperature from 20 to 35"C, the rate of photosynthesis decreased at higher temperatures, greatly reducing the net amount of photosynthate available for growth.
The lower shaded branches of trees in closed stands often have such a low rate of photosynthesis that they can be regarded as parasitic, and should be removed. Relevant to this suggestion is the observation of Labyak and Schumacher (1954) that a crown comprising the upper third of the tree height can support normal stem growth in loblolly pine plantations, a view supported by data of Young and Kramer (1952) and others. Perhaps we need trees with more rapid natural pruning of their lower branches as they become shaded. In conclusion, the benefits from reducing dark respiration may be more important than those obtained by attempting to increase photosynthesis.
Translocation and partitioning of photosynthate
In agriculture much of the increase in yield obtained in recent decades resulted from an increase in the proportion of total photosynthate allocated to the marketable product, such as fruits, seeds, tubers, or leaves, known as the "harvest index" (Gifford and Evans 1981, Gifford et al. 1984) . For example, in wheat this proportion has risen to over 50%. Less attention has been given to the possibility of increasing the percentage of photosynthate incorporated into stem wood in trees. This may not be important if the entire tree is harvested for pulp, but it certainly is very important where saw timber is the chief marketable product. There is often considerable competition for carbohydrate among various organs and tissues which have different sink "strengths." Wood formation seems to be a relatively weak sink, whereas fruits and seeds are very strong sinks, and a heavy crop of flowers, fruits, and seeds often significantly reduces diameter and root growth, and leaf area of trees (Morris 1951 , Nutman 1933 . Over 50% of the total photosynthate goes into root production in some trees (Kramer 1983, pp 152-155) and Harris et al. (1977) reported that the dry weight of roots produced by southern pines and deciduous trees was much greater than the weight of aboveground wood produced. Caldwell (1976) discussed root extension and found it difficult to justify the energy cost of annual replacement of a large fraction of the fine root population of perennial plants. The rapid turnover of fine roots is particularly puzzling because significant amounts of water and minerals can be absorbed through suberized roots (Chung and Kramer 1975) .
Thus it appears that an excessive amount of photosynthate is diverted into root and branch growth. Perhaps trees produce more roots than are necessary for good growth, except on dry sites deficient in minerals. They may also produce or retain more branches than necessary (Labyak and Schumacher 1954, Young and Kramer 1952) . It seems probable that research on the control of partitioning of photosynthate and selection for allocation of a larger percentage into growth of the trunk might increase productivity. The problem of photosynthate allocation is discussed in other papers in this volume.
In summary, it appears likely that research dealing with allocation of photosynthate between respiration and new tissue, and among the various organs of trees will be useful. Investigation of differences in physiological processes among species and among families and provenances within a species may identify types useful for planting in specific environments. Thus it seems possible that in the future there will be increasing use of strains with special physiological characteristics that adapt them to particular environments instead of simply planting a species over a large area without consideration of local environmental conditions. For example, selection might emphasize tolerance of poor aeration for planting on wet sites, tolerance of aluminum on acid soils, and root systems that grow well at low temperatures for areas where planting is done in the winter. Perhaps genotypes tolerant of air pollutants and more effective in using the increasing concentration of CO1 will be found.
Lack of space prevents discussion of other important areas of tree physiology such as nitrogen metabolism, dormancy of seeds and trees, and growth regulators, for which readers are referred to Kramer and Kozlowski (1979) . The physiological factors affecting the quality of pine seedlings were reviewed by Kramer and Rose (1986) .
Environmental limitations on growth
The discussion of physiological limitations assumed that trees were growing in a favorable environmental, but this is seldom true. In fact it seems safe to state that forest productivity is limited more often and more severely by environmentallyinduced stresses than by deficiencies in the potential physiological processes of the trees themselves. Formerly the most common environmental stresses have been lack of water, minerals, and nitrogen, and temperature perturbations such as unseasonable frosts. To these must now be added the effects of the increasing concentration of CO2 in the atmosphere and the presence of various atmospheric pollutants. These new stresses greatly complicate the problem of evaluating the relative importance of various environmental stresses on forest productivity. Also, the losses in production caused by unfavorable environmental conditions become more serious as the genetic potential for growth improves. Thus more effort needs to be expended on identification of environmental constraints and of the physiological processes through which they operate to reduce growth.
Water stress
Physiological processes of forest trees are inhibited more often by water stress than by any other single factor. Growth is reduced directly by decreased cell enlargement and indirectly because of decreased leaf area, stomata1 closure, and damage to the photosynthetic machinery. All of these effects reduce the photosynthetic production of the whole plant and decrease the amount of carbohydrate available for growth. Information is needed to elucidate how mild water stress affects enzyme-mediated processes, the reasons for differences in tolerance of protoplasmic dehydration, the importance of osmotic adjustment, and the advantages and disadvantages of prompt stomata1 closure under mild water stress. The relationship between water stress and susceptibility to attacks by pathogens and insects also deserves investigation. Also, one may ask if irrigation will become economically worthwhile, especially for plantations of trees with a high growth potential planted on fertile soil in areas subject to droughts.
Many aspects of the water relations of woody plants are discussed in Volumes II and VI of the series on Water Deficits and Plant Growth, edited by Kozlowski, and Tyree (1976) discussed some characteristics that might be important in screening for drought tolerance.
Although water deficits are the most common problem in the water economy of trees, flooded soil sometimes causes injury. An excess of water resulting in the possibility of injury to root systems from deficient aeration influences silvicultural practices and the choice of species for planting in the lowlands of the southern United States, where flooding is common. Excess soil water also often causes injury to ornamental trees and shrubs native to dry habitats, partly by increasing the incidence of injury to root systems by fungi when lawns are irrigated intensively. The physiological effects of flooding are discussed in a recent book edited by Kozlowski (1984) and in other papers in this volume.
Temperature
The injury caused by late spring and early autumn frosts is well known and largely unavoidable, except by choice of tolerant species in areas subject to freezing. However, the more subtle effects of a few degrees of difference in temperature caused by differences in altitude or latitude or by local microclimates are seldom considered. The writer found that cool nights increased the growth of loblolly pine seedlings in a phytotron (Kramer 1957) and it is well established that different amounts of chilling are necessary to break dormancy of various kinds of trees of the temperate zones. Perhaps it would be worthwhile to learn if there are differences in growth related to temperature among genotypes or families within a species of sufficient importance to select one family for a warm site and another for a cool site. It is already established that there are large differences in rate of root growth at low temperatures among families of loblolly pine (Carlson 1986). Considerable differences might also exist with respect to the effects of temperature on bud break and shoot growth (Carlson 1985) . If so, families with different temperature requirements could be planted on the sites where temperatures are most favorable for them.
Soil conditions
Forest soils often are deficient in nitrogen and sometimes in phosphorus and other elements. However, forest fertilization is too large and complex a problem to be discussed here, except to point out that mineral deficiencies operate by inhibiting physiological processes. This may result in decreased leaf area, reduction in chlorophyll, interference with stomata1 reactions, injury to membranes, and other metabolic disturbances. An excess of toxic elements such as aluminum, copper, and manganese can also reduce growth, and air pollution can cause indirect injury by acidification of soils low in buffering capacity.
Physical properties of the soil that affect water-holding capacity, aeration, and depth of root penetration also are important. For example, Coile (1948) found that site quality for pine in the lower Piedmont of North Carolina was closely correlated with depth of the A horizon and the physical properties of the B horizon that affect root growth.
Carbon dioxide
There is much interest in the effects of the increasing concentration of atmospheric COZ on tree growth. Experiments in controlled environments indicate that it decreases stomata1 conductance and transpiration, but increases photosynthesis, leaf area, and seedling growth (Sionit et al. 1985, Kramer and Sionit 1986) . A high concentration of CO* will partly compensate for high temperature, water stress, and low irradiance, and increase water use efficiency (Lemon 1983, Tolley and Strain 1984) . Thus there are important interactions between CO* concentration and other stresses that deserve intensive investigation, as shown in Figure 2 . Predictions of increasing temperatures and decreasing rainfall in some parts of the United States suggest that there may be important indirect effects of increasing concentration of CO2 on the range of some tree species.
Air pollution
The newest environmental stress, air pollution, is becoming widely publicized under the term "acid rain." Acidification may cause direct injury in lakes and soils low in buffering capacity and it may also result in indirect injury by causing increased concentration of toxic elements such as aluminum. In addition to the indirect effects of acidification on soil, the injury from ozone and oxides of nitrogen and sulfur may be increased by acidification. Thus the effects of air pollutants are very complex and require more investigation because they may soon become a major constraint on forest productivity. It seems possible that an interac- tion between atmospheric CO2 and pollutants may occur because decreased stomatal conductance resulting from increasing CO* concentration (Figure 2 ) may decrease susceptibility to injury by air pollutants (Carlson and Bazzaz 1982, Shanklin and Kozlowski 1985) .
Injury by puthogens and insects
Trees are always subject to attack by insects and pathogenic fungi. However, occasionally insect infestations such as the recent gypsy moth infestation in the Northeast or the current outbreak of the southern pine beetle in Texas and Louisiana create catastrophic conditions. A fungus disease wiped out the chestnut early in this century, Dutch elm disease eliminated elms in some areas and some readers can recall the little leaf disease of shortleaf pine a few decades ago. Fusiform rust is a continuing threat to pine seedlings, At least one paper on tree physiology in relation to factors affecting southern pine beetle attack appears in this volume (Lorio and Sommers 1986) , and much more research needs to be done on the ecology and physiology of insect pests and diseases of trees. For example, the increasing concentration of atmospheric COZ may affect the feeding habits of leafeating insects (Lincoln et al. 198.5 ).
Interaction of Stresses
The evaluation of the relative importance of various stresses is complicated by the frequent interaction among them. The conditions favorable for development of water stress often include abnormally high temperatures, and drying soil not only decreases water uptake, but also reduces mineral uptake. As mentioned earlier, increasing concentration of atmospheric carbon dioxide increases leaf area and photosynthesis, but decreases transpiration per unit leaf area and sometimes decreases injury from air pollution. Often it is desirable to conduct experiments in controlled environments where various factors can be controlled separately in order to evaluate their importance. An example of some interactions is shown in Figure 2 .
Modeling
Sometimes modeling provides a helpful approach to complex problems such as the effects of stress. Ledig (1976) discussed the problems of modeling tree growth in some detail and considered some of the approaches, including the roles of tree canopies, respiration and the allocation of photosynthate. Several papers involving the use of models are found in this volume.
Future Developments
Limitations on the contributions from physiology Although plant physiologists have accumulated much information concerning plant processes, mineral nutrition, water relations, growth regulators, and herbicides, plant physiology has contributed less to forestry than it should. One reason ROLE OF PHYSIOLOGY IN FORESTRY 13 is that physiologists have been more interested in exploring the mechanisms of physiological processes than in using their knowledge of physiology to assist in solving the problems of growing plants. To phrase it another way, physiology tends to be retrospective rather than predictive, but in forestry we need to predict the effects of various factors on growth.
Another difficulty is that much useful physiological information never reaches the potential users in the field. There are several reasons for this. One is administrative barriers that hinder communication among scientists working on different problems or even on the same problem, but in different administrative units. Another is the psychological barrier that sometimes develops between field and laboratory workers. We need more farsighted, scientifically trained administrators who can bridge these gaps. A third problem is that useful information is often lost in the flood of scientific literature. Even modem computerized systems for the retrieval of information cannot entirely solve this problem because important information is often buried in tables and discussions and its presence is not revealed by the title or even in the abstract.
An example of the problem of specialization is the current tendency to separate cell physiology from whole plant physiology. The important advances made in biology by research at the cellular and subcellular level have led some administrators and scientists to conclude that it is the only area deserving support. As a result of this overemphasis some young scientists are well trained in cell physiology but know little about whole plant physiology. This is unfortunate because the goal of research in plant science presumably is to provide a better overall understanding of plant growth, and cell and whole plant physiology should play complementary roles in this. Agricultural and forestry problems are recognized first in the field at the whole plant level, and it then becomes the task of physiologists to explain them in terms of disturbances of essential physiological processes. Although ultimate explanations of injury are often found at the cellular or subcellular level such as injury to membranes or disturbance of enzyme-mediated processes, the remedies are usually found at the whole plant level in terms of silvicultural treatments such as thinning, pruning, fertilization, or irrigation. Drought tolerance depends more often on postponement of dehydration by extensive root systems and good stomata1 and cuticular control of transpiration than on protoplasmic tolerance of dehydration. Yield is limited more often by leaf area, leaf area duration, and the partitioning of photosynthate than by deficiencies in carboxylation and electron transport. Thus from the standpoint of agriculture and forestry cell physiology is valuable chiefly as a supplement to whole plant physiology.
Emphasis on the importance of whole plant physiology in forestry and agriculture in no way denies that ultimate explanations of processes generally are found at the cellular or subcellular level. An analogous situation exists in the physical sciences where quantum mechanics is necessary to explain the nature of matter but classical Newtonian physics explains such every day affairs as the operation of autos, airplanes, and refrigerators.
How to increase the usefulness of physiology
The most important step that can be taken toward increasing the usefulness of physiology in forestry is to develop a better understanding of its role. Nearly 40 years ago the writer (Kramer 1948) pointed out what is shown in Figure 1 of this paper, that the physiological processes of trees are the machinery through which genetic potential and environment operate to determine the quantity and quality of growth. Unfortunately, neither foresters not physiologists have paid much attention to the concept. To reemphasize the importance of that concept, it is argued again that changes in genotype and in silvicultural practices are effective only to the extent that they increase the efficiency of the basic physiological processes. This indicates the need for better cooperation among forest geneticists, silviculturists, and physiologists in identifying the physiological limitations to growth and in finding remedies for them. Only when cooperation becomes routine will physiology attain its full usefulness in forestry.
